The post-mortem chondrocyte viability could potentially be used as an indicator of time since death for forensic needs. The aim of presented study was to investigate three different cartilage donor sites (knee, ankle, and auricle) and three viability analysis protocols (manual counting under a microscope, cell viability analyzer, flow cytometer) for ex vivo determination of chondrocyte viability. The cartilage samples were obtained from both knees (condyles), both ankles (trochlea), and both ears (antihelix) of a male donor. They were randomly divided and stored in a cell culture media at 4 ºC or room temperature. The viability analysis using all three protocols in parallel was conducted on Day 3, 6, and 13 after the time of death.
S
everal parameters, such as body cooling, lividity, rigor mortis, muscle excitability, chemical changing in fluid compartments and decomposition of the corpse, are used to determine time since death for forensic needs. These parameters are useful in the early post-mortem period, but their reliability and accuracy progressively decrease over time [1] [2] [3] .
The majority of the body tissues suffer an abrupt cell death after the cessation of the blood-borne nutrient supply. The sparsely populated chondrocytes in the low metabolically active cartilaginous tissues behave differently. As they depend predominately on the nutrient diffusion from the abundant extra-cellular matrix, they remain viable for more than one month in the right conditions [4] [5] [6] [7] . According to these studies a decrease of chondrocyte viability in the cartilage samples seems to be time and temperature dependent.
These findings could have a potential application in forensics. However, prior to the study of chondrocytes viability in cadaveric tissues, it is necessary to identify the best combination of sampling and measuring methods for ex vivo determination of chondrocyte viability in in vitro conditions. In the presented case report we tested three sources of cartilage biopsy (knee, ankle, and ear) and three chondrocyte viability protocols for their potential usage in forensics.
Material and methods

Material collecting and processing
The protocol followed the requirements of the National Medical Ethics Committee of the Republic of Slovenia (No. 25/09/08). A 45-year old male suddenly died during his daily work routine; the autopsy revealed acute myocardial infarction as the cause of death. The deceased person had no medical history of joint disease or injury, neither was there any record of a systemic disease that could result in cartilage deterioration. In the first hour the corpse was exposed to room temperature, but it was transferred and stored at 4 ºC from the second post-mortem hour until samples taken from the right-hand side were collected.
Cartilage samples were obtained from the right knee (femoral condyles), right ankle (trochlea of talus), and right ear (antihelix) six hours after death. The sample removal took place in the autopsy room at room temperature (RT) under aseptic conditions and the harvested material was kept in the general mycrobicidial medium. The articular surfaces of femoral condyles and talar trochlea were widely exposed by a transversal arthrotomy. The cartilage was tangentially peeled off using a scalpel at the level of the subchondral bone. The auricular cartilage was exposed through a posterior incision over the antihelix, followed by a blunt dissection between the posterior perichondrium and the cartilage. A rectangle of cartilage (approx. 300 mm2) was cut out and bluntly released from the anterior perichondrium. The samples were stored at 4 ºC until further use. The corpse was left at RT for another 67 hours and another set of samples from the contralateral side, the left femoral condyles, left talus, and left antihelix, was procured using the same approach as above. One third of both sample sets, right and left side, was immediately analyzed for viability within one hour after the second harvesting (Day 3 -74 hours post-mortem). The second third of the samples was stored at 4±2 ºC and the last third at RT (23±2 ºC). The viability analysis of the stored material was repeated again on Day 6 and Day 13. All samples were stored throughout the testing period in a cell culture media DMEM/F12 (Dulbecco's Modified Eagle Medium with L-Glutamine and 15 mM HEPES) supplemented with 50 µg/mL of gentamicin and 2 µg/mL of amphotericin B (all produced by Gibco, Paisley, UK). The prepared culture media with the stored material was not changed throughout the testing period.
The initial step, cell isolation from the cartilage samples, was identical irrespective of which viability protocol was used. Every sample was washed with a DMEM/F12 solution, diced to 1-2 mm3 pieces, and enzymaticaly digested in 10 mL of collagenase II solution (1 mg of collagenase II in 1mL of DMEM/F12, supplemented with 50 µg/mL of gentamicin; all produced by Gibco, Paisley, UK) by stirring for 18-21 hours at 37 ºC. Afterwards the degraded cartilage samples were washed through the cell strainer with 40 μm pores and re-suspended in DMEM/F12 solution for the viability analysis. It was conducted by three protocols simultaneously: manual counting under a microscope -MCM, the cell viability analyzer (Vi-Cell XR, Beckman Coulter, Fullerton, CA, USA) -CVA, and the flow cytometer (FACScalibur, Becton Dickinson and Company, Franklin Lakes, NJ, USA) -FCM.
The chondrocyte suspension for MCM was treated with trypan blue vital dye (Trypan Blue solution, Fluka, Sigma-Aldrich, Taufkirchen, Germany) for 5 min at room temperature and for the CVA with trypan blue vital dye included in the kit for automatic dyeing (Vi-CELL Reagent Quad Pak, Beckman Coulter, Fullerton, CA, USA). Viable cells resist the dye passage through the membrane, therefore only dead cells are marked intensively blue. Dead and living cells were manually counted using a counting chamber (BrightLine Hemacytometer, Sigma, Sigma-Aldrich, Taufkirchen, Germany) and a light microscope (Inverted Microscope Eclipse TE300, Nikon Instruments Europe, Wien, Austria). The CVA automates the trypan blue vital dye exclusion method for the determination of cellular viability. Size limits for cell capturing were set between 8 to 20 µm. The cell suspension obtained after the tissue digestion of each examined tissue sample was analyzed with three parallel aliquots of 1 mL. The cells for the FCM were concentrated by centrifugation (Centrifuge 5415D, Eppendorf, Hamburg, Germany) at 580 g for 5 min and re-suspended in a buffer solution. Isolated cells were stained with propidium iodide, a fluorescent dye that penetrates the impaired cytoplasmic membrane of dead or injured cells and binds to their nuclear DNA. The measured cell population was gated on a forward versus side scatter (FSC/SSC) dot plot according to the validation with the vital dye fluorescein diacetate (FDA). The cell suspension of each examined tissue sample was analyzed with three parallel aliquots.
Statistical analysis
The cell viability was calculated as the ratio between viable and all counted cells. The results of the chondrocyte viability are given as percentages. First the descriptive data analysis was performed. The Wilcoxon test for paired samples was used to compare the viability values of the three methods at each temperature-time point. The viability values of two chondrocyte sources (knee and ankle) were compared using the Mann-Whitney test for independent samples. Finally, all the viability data were included into a linear regression model. The temperature and time were tested as predicting factors. The statistical analysis was conducted using the computer software SPSS 15.0 for Windows with the level of significance set at 0.05.
All three viability protocols used were additionally compared for cost and time efficiency. The comparison was based on material costs and time consumption for the analysis of a single or multiple, 15 samples.
Results
In the study we tested three different cartilage donor sites (knee, ankle, and auricle) and three viability analysis protocols (manual counting under a microscope, cell viability analyzer, flow cytometer) for ex vivo determination of chondrocyte viability. A time-dependent viability decrease, unrelated to the ambient temperature (4 ºC versus room temperature) or chondrocyte source, was demonstrated in our study. The percentage of viable chondrocytes in the samples from knee and ankle joints ranged from 97.2% (femoral condyle, Day 3, 4 ºC, CVA) to 34.0% (femoral condyle, Day 13, 4 ºC, MCM). An infection of the cell culture from the left auricle, which remained in situ at room temperature, was established on Day 3. Therefore all results from the auricular samples were excluded from further analysis. The samples from the articular cartilage stored at RT had only debris without any cells on Day 13. The same changes were found in the cartilage from the left ankle on Day 13 prepared for the FCM (Table 1) .
The analysis of the isolated chondrocytes using three protocols confirmed a different percentage of viable cells in the cartilage samples during tests over a period of 13 days after death (Table 1) . Moreover, the measured viability values were significantly higher (p = 0.005) using the CVA in comparison to the other two methods at the corresponding time-temperature point ( Table 1) . The 25th to 75th percentiles range from 89.0 to 94.7 defines the CVA measurements as less scattered in comparison to MCM (68.9 to 92.5) and the FCM (64.5 to 90.0). There were no significant differences detected between the knee and ankle samples regardless of the analyzing method. The linear regression model (R2 = 0.482, p < 0.001) revealed a time dependent decrease of chondrocyte viability (ß = -0.641, p < 0.001), but no significant impact of the storage temperature (p = 0.279).
The cell isolation protocol was equal for all tested methods. The time and costs analysis showed that viability analysis was most costly and time consuming using the FCM. MCM costs were less than the costs of the CVA, but the time required for processing was similar. However, when multiple samples are considered there was an important reduction of analysis time per sample for the CVA and the FCM, but not for MCM (Table 2) .
Discussion
The present pilot study evaluated in vitro chondrocyte viability from the knee, ankle, and auricle. The analysis of the isolated chondrocytes using three protocols confirmed a different percentage of viable cells in the cartilage samples during tests over a period of 13 days after death. The CVA protocol provided measurements with the highest values and the least scattering, and it had the best cost-benefit performance. Table 1 . The average viability of chondrocytes (%) shown at different post-mortem intervals and temperatures. The viability was measured using three protocols: manual counting under a microscope (MCM), a cell viability analyzer (CVA), and a flow cytometer (FCM). Lasczkowski et al. [4] demonstrated that 9% of cells were still viable in corpses stored at low temperatures even 45 days post-mortem. Drobnič et al. [6] found that 55% of chondrocyte survived ex vivo for 9 days at 4 ºC in normal saline. A high viability was also reported when septal or osteochondral allografts were stored in the controlled environment of tissue banks [5, 7] . In spite of this evidence, chondrocytes have not received any attention by other forensic specialists.
Previous in vitro studies of chondrocyte viability in samples stored at 4 ºC showed no important changes in cells survival within first two weeks after donors' death [5, 7] . In our in vitro study of chondrocyte viability under similar conditions individual samples showed significant changes in cells survival after the sixth day after donors' death (A. Alibegović, R. Blagus and M. Drobnič, presented at the 9th World Congress of the International Cartilage Repair Society Sitges/Barcelona, Spain, 26 -29 September 2010). The viability analysis in the current study was therefore initiated on Day 3 after the time of donor's death.
Our current study confirmed the time-dependent chondrocyte viability decline, which was surprisingly not affected by the ambient temperature. The last observation was probably caused by the small sample size of a single donor and the large aseptic void volume of the storage container. Samples taken from the left auricle showed microbial infection after three days of body decay at RT and therefore this cartilage cannot be used as a systematic indicator in forensics. The rapid population of microbes during body decomposition, especially at temperatures around RT, is also expected to influence other cartilaginous tissue of the head (nasal septum), neck (thyroid cartilage, larynx, trachea, spine) and torso (ribs, bronchi, shoulders, hips, spine) due to their close contact to the commensal bacteria reservoir.
The gathered results revealed significant differences between the three methods: the CVA gave higher and less scattered values in comparison to the other two. The lower values of the FCM probably result from gating the cell population on the FSC/SSC dot plot diagram. Errors may be induced by the abundant debris that was present in the stored samples. Considering the reliability of the measurements together with the cost-time performance, the CVA method was selected as having the highest potential for further studies.
Articular cartilage was obtained by tangential cutting with a scalpel blade. During such cutting the blade repeatedly tends to slide over the surface or immediately stop when the wavy subchondral bone is touched. Consequently, the removed cartilage shell was of an uneven shape and thickness; additionally it consisted predominantly of chondrocytes of the superficial and intermediate zones. Chondrocytes express different density and characteristics in each zone [8, 9] , which might influence the final result on viability. A standardized instrument to reach the whole thickness of the cartilage needs to be applied in the forthcoming studies.
An important limitation of all three viability protocols used in the study is the necessity for the enzymatic tissue digestion prior to the cell analysis, which is unpredictably destructive to the cells. Furthermore, the long incubation at 37 ºC, which is required for enzymatic digestion, could influence the chondrocyte viability by the elevation of metabolic activity and the facilitation of micro-organisms' growth. Other phases of chondrocytes processing (such as pipetting and centrifugation) could additionally damage the cells and consequently influence their viability score. To evaluate these possible artifacts a comparative analysis with the cells in situ would be necessary. Confocal microscope analysis of tissue samples stained with fluorescent Live/Dead staining is an established method in this regard [4] [5] [6] [7] . Even though the confocal analysis is too complicated and overpriced to be used in everyday forensic routine, it may serve as an excellent reference method.
We can conclude that in the presented study the combination of cartilage biopsy from a peripheral joint and cartilage analysis with the CVA is most reliable for the determination of chondrocytes viability in in vitro conditions. This combination has a potential role as an indicator of the time since death in forensics, and it is therefore warranted for further systematic research.
